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The study of light hadrons is central to the understanding of confinement–a
unique property of QCD. The quark model describs mesons as bound states of
quarks and antiquarks. LQCD and QCD-motivated models for hadrons, how-
ever, predict a richer spectrum of mesons that takes into account not only the
quark degrees of freedom but also the gluonic degrees of freedom. A selection
of recent progress in the light-quark sector with unprecedented high-statistics
data sets from e+e− experiments are reviewed.
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1. Introduction
Confinement is a unique property of QCD. The spectrum of light hadrons
serves as an excellent probe of QCD in the confinement regime 1–6. The
quark model describs mesons as bound states of quarks and antiquarks.
LQCD and QCD-motivated models for hadrons, however, predict a richer
spectrum of mesons that takes into account not only the quark degrees
of freedom but also the gluonic degrees of freedom. Light mesons can be
produced at e+e− experiments through e+e− annihilation, through the use
of the radiative return method and through two-photon fusion. Unprece-
dented high-statistics data sets from experiments at e+e− machines provide
great opportunities to the quantitative understanding of confinement.
2. Search for glueballs
The spectrum of glueballs both from the quenched lattice QCD studies8,9
and the full-QCD study10,11 show that the lightest one having scalar quan-
tum numbers 0++ and a mass between 1.5 GeV and 1.7 GeV. Also the
next-higher glueball states have nonexotic quantum numbers, 2++ (mass
2.3–2.4 GeV) and 0−+ (mass 2.3–2.6 GeV), and hence will be mixed into the
conventional meson spectrum and difficult to be identified experimentally.
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It requires systematic studies to identify a glueball by searching for out-
numbering of conventional quark model states and comparing a candidates
properties to the expected properties of glueballs and conventional mesons.
Glueballs are expected to appear in so-called gluon-rich environments. The
radiative decays of the J/ψ meson provide such a gluon-rich environment
and are therefore regarded as one of the most promising hunting grounds
for glueballs. Recent LQCD calculations predict that the partial width of
J/ψ radiatively decaying into the pure gauge scalar glueball is 0.35(8) keV,
which corresponds to a branching ratio of 3.8(9)× 10−3 12; the partial de-
cay width for a tensor glueball is estimated to be 1.01(22)(10) keV which
corresponds to a large branching ratio 1.1(2)(1) × 10−2 13. Even though
the fact of a supernumerary state is suggestive for the mixing of glueball
with qq¯ state, the decay rates and production mechanisms are also needed
to unravel the quark content of f0(1500) and f0(1710). In the PWA of
J/ψ → γηη 14 and J/ψ → γKSKS
15 at BESIII, the branching fractions of
the f0(1710) are one order of magnitude larger than those of the f0(1500).
With the new measurements from BESIII, the known branching fraction
of J/ψ → γf0(1710)
23 is up to (1.7 × 10−3, which is already comparable
to the LQCD calculation of scalar glueball (3.8(9)× 10−3 12). The produc-
tion property suggests f0(1710) has large gluonic component than f0(1500).
The two-photon width can be used to identify glueball, even though it can
also be adjusted by the glueball mixing with qq¯ state 16. The scalar meson
f0(1710) has been seen in γγ → KSKS
17,18. f0(1500) was not seen in
γγ → KSKS by L3
17, or in γγ → pi+pi−, by ALEPH 19. However, a
resonance observed in γγ → pi0pi0 by Belle 20 is close to the f0(1500) mass,
though it is also consistent with f0(1370) because of the large errors in the
experiment and the large uncertainty in the f0(1370) mass. The assign-
ment of scalars in two-photon fusion requires further studies with better
precision. It is noticeable the nonobservation of f0(1710) and observation
of f0(1500) in Bs → J/ψpipi by LHCb
21. Because of the spectator s quark
of Bs, the isosinglet scalar resonance f0 produced in Bs → J/ψf0 decays
should have a sizable ss¯ component22. The three tensors f2(2010), f2(2300)
and f2(2340) observed in pi
−p→ φφn24 are also observed in J/ψ → γφφ25.
The large production rate of the f2(2340) in J/ψ → γφφ and J/ψ → γηη
14
indicates f2(2340) is a good candidate of tensor glueball. Significant ten-
sor contribution around 2.4 GeV also presents in J/ψ → γpi0pi0 26 and
J/ψ → γKSKS
15. However, the measured production rate of f2(2370)
appears to be substantially lower than the LQCD calculated value13. It is
desirable to search for more decay modes to establish and characterize the
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Fig. 1. (Color online) Intensities for the total (a) 0++ and (b) 2++ amplitudes in J/ψ →
γKSKS from BESIII as a function of KSKS invariant mass for the nominal results
without acceptance correction15. The solid black markers show one set of solutions
from the mass-independent analysis, while the open red markers represent its ambiguous
partner and the histogram shows the results of the mass-dependent analysis.
lowest tensor glueball.
3. a0(980)− f0(980) mixing
After the discoveries of a0(980) and f0(980) several decades ago, explana-
tions about the nature of these two light scalar mesons have still been
controversial. These two states, with similar masses but different de-
cay modes and isospins, are difficult to accommodate in the traditional
quark-antiquark model, and many alternative formulations have been pro-
posed to explain their internal structure, including tetra-quarks27–31, KK¯
molecule32, or quark-antiquark gluon hybrid33. Further insights into
a0(980) and f0(980) are expected from their mixing
34. The mixing mech-
anism in the system of a0(980) − f0(980) is considered to be a sensitive
probe to clarify the nature of these two mesons. In particular, the lead-
ing contribution to the isospin-violating mixing transition amplitudes for
f0(980) → a
0
0(980) and a
0
0(980) → f0(980), is shown to be dominated by
the difference of the unitarity cut which arises from the mass difference
between the charged and neutral KK¯ pairs. As a consequence, a nar-
row peak of about 8 MeV/c2 is predicted between the charged and neu-
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Fig. 2. The statistical significance of the signal scanned in the two-dimensional space
of ga0K+K− and gf0K+K− . The regions with higher statistical significance indicate
larger probability for the emergence of the two coupling constants. The markers indicate
predictions from various illustrative theoretical models.
tral KK¯ thresholds. The corresponding signal is predicted in the isospin-
violating processes of J/ψ → φa00(980)
35,36 and χc1 → pi
0f0(980)
37. The
signals of f0(980) → a
0
0(980) and a
0
0(980) → f0(980) mixing are first ob-
served in J/ψ → φf0(980) → φa
0
0(980) → φηpi
0 and χc1 → pi
0a00(980) →
pi0f0(980) → pi
0pi+pi− at BESIII 38,39. The statistical significance of the
signal versus the values of ga0K+K− and gf0K+K− is shown in Fig. 2. The
regions with higher statistical significance indicate larger probability for
the emergence of the two coupling constants. This direct measurement of
a0(980) − f0(980) mixing is a sensitive probe to the internal structure of
those ground state scalars and sheds important light on their nature. The
new results from BESIII provide critical constraints to the development of
theoretical models for a0(980) and f0(980). It is theorists turn to refine the
calculations to understand the inner structure of the a0(980) and f0(980)
mesons.
4. X(1835) , X(pp¯) and structures near NN¯ threshold in
e+e− cross sections
An anomalously strong enhancement at the proton-antiproton (pp¯) mass
threshold, dubbed X(pp¯), was first observed by BES in J/ψ → γpp¯ de-
cays40; this observation was confirmed by BESIII41 and CLEO42, while
no evidence has been seen in other channels, such as J/ψ → ωpp¯43,44 or
J/ψ → φpp¯45. These non-observations disfavor the mass-threshold en-
hancement attribution to the effects of pp¯ final state interactions. This
enhancement was subsequently determined to have spin-parity JP = 0− by
December 23, 2019 1:36 WSPC Proceedings - 9in x 6in liubj page 5
5
BESIII46. The state X(1835) was first observed by the BES experiment
as a peak in J/ψ → γη′pi+pi− decays47. This observation was later con-
firmed by BESIII48 and was also observed in the ηK0SK
0
S channel, where
its spin-parity was determined to be JP = 0− by a partial wave analysis49.
No evidence of X(1835) is found in J/ψ → ωη′pi+pi− 50. η(1475) → γφ
and X(1835) → γφ are observed in the decay of J/ψ → γγφ at BE-
SIII 51, which indicates that both η(1475) and X(1835) contain a size-
able ss¯ component. Using high-statistics J/ψ events, BESIII studied the
J/ψ → γη′pi+pi− process and observed a significant abrupt change in the
slope of the η′pi+pi− invariant mass distribution at the proton-antiproton
(pp¯) mass threshold52. Two models are used to characterize the η′pi+pi−
line shape around 1.85 GeV/c2: one which explicitly incorporates the open-
ing of a decay threshold in the mass spectrum (Flatte´ formula) (Fig. 3(a)),
and another which is the coherent sum of two resonant amplitudes(Fig. 3
(b)). Both fits show almost equally good agreement with data, and sug-
gest the existence of either a broad state with strong couplings to pp¯ final
states or a narrow state just below the pp¯ mass threshold. Without im-
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Fig. 3. An anomalous line shape of the η′pi+pi− mass spectrum near the pp¯mass thresh-
old in J/ψ → γη′pi+pi−. (a) shows the fitting results with Flatte´ formula and (b) shows
the fitting results with the coherent sum of two Breit-Wigner amplitudes
posing a relation to the 0−+ structures near NN¯ threshold observed in
J/ψ radiative decays, we should notice the dip near pp¯ mass threshold
in the six-pion photon production cross section observed by DM253, Fo-
cus54, and BaBar55, which is 1−− . Recently, a fine structure with about
1 MeV width at the nucleon-antinucleon threshold in e+e− → 3(pi+pi−)
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and e+e− → K+K−pi+pi− production is observed by CMD-356, while no
such structure is seen in e+e− → 2(pi+pi−). However, cross sections of pp¯
annihilation into 2(pi+pi−) > 3(pi+pi−) ≫ K+K−pi+pi−, which suggests a
more complicated dynamics in e+e− → hadrons at the nucleon-antinucleon
threshold.
5. Outlook
Data from e+e− machines with unprecedented statistical accuracy provides
great opportunities to map out light mesons as complete and as precise
as possible. In the next few years, many experiments (BESIII, CMD-3,
SND, etc.) will continue to be active, while BelleII has already started data
taking. BESIII collected 10 billions of J/ψ, which is unique for studying
and searching for QCD exotics as a gluon rich environment with clearly
defined initial and final state properties. We can expect a continuous flow
of interesting results and new insights into QCD in the confinement regime
from the meson spectroscopy at e+e− machines.
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